METHODS
We conducted a nested case-control study of Ontarians aged 66 years and older treated with clopidogrel between September 1 2003 and March 31 2013 following acute myocardial infarction. Cases were subjects who died or were hospitalized for reinfarction or heart failure in the subsequent year, and each was matched with up to four controls. The primary outcome was a composite of reinfarction, heart failure or death. The primary analysis examined whether use of the prodrug ACE inhibitors ramipril or perindopril was more common among cases than use of lisinopril, an active ACE inhibitor.
RESULTS
Among 45 918 patients treated with clopidogrel following myocardial infarction, we identified 4203 cases and 14 964 controls. After adjustment, we found no association between the composite outcome and use of perindopril (adjusted odds ratio (aOR) 0.94, 95% confidence interval (CI) 0.76, 1.16) or ramipril (aOR 0.97, 95% CI 0.80, 1.18), relative to lisinopril. Secondary analyses of each element of the composite outcome yielded similar findings.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Clopidogrel can inhibit carboxylesterase 1, which is responsible for the bioactivation of prodrug ACE inhibitors.
WHAT THIS STUDY ADDS
• In subjects receiving clopidogrel following acute myocardial infarction, use of a prodrug ACE inhibitor (ramipril or perindopril) was not associated with an increased risk of adverse cardiovascular events or death relative to lisinopril.
• These findings suggest that the recently described interaction between clopidogrel and prodrug ACE inhibitors is of little clinical relevance.
Introduction
Angiotensin converting enzyme (ACE) inhibitors are among the most widely prescribed medications in the world, with more than 160 million prescriptions dispensed in the United States in 2011 [1] . They are indicated in the management of various conditions including hypertension, diabetes mellitus, heart failure and left ventricular systolic dysfunction. Their use following acute myocardial infarction reduces the risk of hospitalization for heart failure, reinfarction, and mortality [2] [3] [4] [5] . Clopidogrel is a thienopyridine anti-platelet agent dispensed more than 20 million times each year in the United States alone [6] . Like ACE inhibitors, it is widely prescribed to patients following acute myocardial infarction [4, 5] . When added to acetylsalicylic acid in patients with myocardial infarction, clopidogrel decreases the risk of adverse cardiovascular events including reinfarction and mortality [4, 5] . Some data suggest that the available ACE inhibitors are equally effective following acute myocardial infarction [7, 8] . However, important pharmacologic differences exist among the drugs in this class. Most commonly prescribed ACE inhibitors (including ramipril, trandolapril, enalapril and perindopril) are prodrugs that are de-esterified to active metabolites (ramiprilat, trandolaprilat, emalaprilat and perindoprilat, respectively) by the enzyme carboxylesterase 1 (CES1), an enzyme highly expressed in liver and increasingly appreciated as an important factor in drug metabolism [9] [10] [11] [12] . In contrast, lisinopril and captopril are active ACE inhibitors that require no such bio-activation [13] . Genetic variation in CES1 has been shown to influence drug metabolism and may influence the antihypertensive effects of ACE inhibitors such as imidapril [11, [14] [15] [16] [17] [18] .
Importantly, CES1 can be inhibited by other medications and substrates, including clopidogrel [19] [20] [21] [22] . Clopidogrelmediated inhibition of this enzyme has been shown to interfere with the bio-activation of several prodrugs, including oseltamivir and others [19, 20] . Recent findings of Kristensen and colleagues also suggest that ACE inhibitors may competitively inhibit CES1, thereby shunting clopidogrel towards CYP-mediated bioactivation and increasing the concentration of active metabolites in vitro [23] . In a population-based sub-study, they found that ACE inhibitors were associated with an increased risk of haemorrhage and adverse cardiovascular events (including cardiovascular death, stroke or reinfarction) in those simultaneously receiving clopidogrel following acute myocardial infarction [23] . However, their primary conclusions compare clopidogrel-treated patients with those not receiving clopidogrel, increasing the possibility of selection bias.
Despite the co-prescription of ACE inhibitors and clopidogrel to millions of patients each year, the clinical relevance of this novel drug interaction is poorly characterized. We examined the clinical consequences of the potential drug interaction between clopidogrel and prodrug ACE inhibitors in a large population.
Methods

Setting and design
We conducted a population-based nested case-control study of Ontario residents aged 66 years or older who commenced treatment with clopidogrel following hospitalization for acute myocardial infarction between September 1 2003 and March 31 2013. These individuals had universal access to hospital care, physicians' services and drug coverage. This study was approved by the Research Ethics Board of Sunnybrook Health Sciences Centre, Toronto, Canada. The study design is depicted in Figure 1 .
Data sources
We used Ontario's administrative health databases which are held securely in linkable files without any direct personal identifiers. We identified prescription drug claims Figure 1 We studied individuals who commenced treatment with clopidogrel within 7 days following hospital discharge for acute myocardial infarction. For each patient, we defined a period of continuous clopidogrel use, beginning with the first clopidogrel prescription and ending with death, hospitalization for heart failure or reinfarction, discontinuation of treatment, 1 year of follow-up or the end of the study period, whichever occurred first using the Ontario Drug Benefit Database, which includes records of prescriptions dispensed to all Ontarians aged 65 years or older. We obtained hospitalization data from the Canadian Institute for Health Information (CIHI) Discharge Abstract Database, which contains detailed clinical information regarding all hospital admissions, and data on emergency department visits from the CIHI National Ambulatory Care Reporting System. We identified patients with hypertension, diabetes and congestive heart failure using validated disease-specific databases [24] [25] [26] . Demographic and mortality data were obtained from the Ontario Health Insurance Plan Registered Persons Database, a registry of all Ontario residents with publically-funded health insurance, and physicians' services were identified using OHIP physician claims data. These databases were linked in an anonymous fashion using encrypted Ontario health card numbers, and are routinely used to study drug safety [27] [28] [29] [30] [31] [32] .
Study subjects
We identified individuals who commenced treatment with clopidogrel following hospital discharge for acute myocardial infarction, defined as receipt of their first prescription on the day before discharge or within 7 days thereafter. For each patient, we defined a period of up to 1 year of continuous clopidogrel use, beginning with the first clopidogrel prescription and ending with death, hospitalization for heart failure or reinfarction, discontinuation of treatment or the end of the study period, whichever occurred first. Patients were deemed to have discontinued clopidogrel if the interval between successive prescriptions exceeded twice the days supplied by the preceding prescription. In such instances, observation continued until the expiry of the first of these two prescriptions. We did not study patients during their first year of eligibility for prescription drug coverage (age 65 years) to avoid incomplete medication records. To focus on patients newly treated with clopidogrel, we excluded those with any prior use of the drug.
Within the cohort of continuous clopidogrel users, we defined cases as subjects who died or were readmitted to hospital for reinfarction or heart failure within 1 year. We identified hospital admissions using previously validated International Classification of Disease and Related Health Problems (ICD), 10 th revision codes for acute myocardial infarction (I21) and heart failure (I50) [25, 33] . We designated the index date as the date of death or hospital admission for reinfarction or heart failure ( Figure 1 ). For patients with multiple such admissions during followup, only the first event was considered in the analysis. For each case, we selected up to four controls from the same cohort of clopidogrel-treated patients, matching on the date of index hospitalization, age (within 1 year), gender, calendar year of clopidogrel initiation, and the time between cohort entry and index date (within 30 days). We allowed each control to be matched to only one case. When fewer than four controls were matched to a case, we used only those controls and maintained the matching process. We excluded cases that could not be matched to at least one control, and controls were permitted to become cases at a later date.
We limited the analyses to cases and controls who received a prescription for one of ramipril, perindopril or lisinopril in the 60 days preceding the index date. We selected these agents because they represent the most commonly prescribed ACE inhibitors in Ontario, thereby allowing us to explore the drug interaction of interest while minimizing the number of comparisons. We excluded those who received any other ACE inhibitor, those who received an angiotensin receptor blocker, and those who received more than one ACE inhibitor in the same 60 day period.
Statistical analysis
We used standardized differences to compare baseline characteristics of cases and controls. A standardized difference less than 0.1 indicates good balance between cases and controls for a given covariate [34] . We used conditional logistic regression to estimate the odds ratio and 95% confidence interval (CI) for the association between the composite outcome (death or hospitalization for heart failure or reinfarction) and exposure to either ramipril or perindopril, using lisinopril as the reference group. We adjusted for all variables with a standardized difference exceeding 0.1 between cases and controls. In a secondary analysis, we applied the same analytical approach to each component of the primary outcome separately. To test the sensitivity of our findings, we repeated our analyses using a 100 day look-back period for ACE inhibitor exposure.
All analyses used a two-sided type I error rate of 0.05 as the threshold for statistical significance and were performed at the Institute for Clinical Evaluative Sciences (www.ices.on.ca) using SAS version 9.3 (SAS Institute, Cary, North Carolina, USA).
Results
During the 10 year study period, we identified 45 918 patients aged 66 years or older who commenced clopidogrel following hospital discharge for acute myocardial infarction. Within this cohort, 9814 subjects died or were hospitalized for reinfarction or heart failure within 1 year while receiving clopidogrel. Of these, 4303 cases received one of lisinopril, ramipril or perindopril in the 60 days preceding their index date. The majority of cases (n = 4203, 97.7%) were matched to at least one control (n = 14 964). As expected, case subjects displayed more comorbid illness and greater use of medications for cardiovascular disease and diabetes. The characteristics of case and control subjects are outlined in Table 1 .
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Interaction between Clopidogrel and ACE inhibitors
In the primary analysis, we found that compared with clopidogrel recipients receiving lisinopril, no increased risk of death, heart failure or reinfarction was apparent among those receiving perindopril (adjusted odds ratio 0.94, 95% CI 0.76, 1.16; Table 2 ) or ramipril (adjusted odds ratio 0.97, 95% CI 0.80, 1.18; Table 2 ). In a secondary analysis examining each component of the primary outcome individually, we found no significant association between death or readmission for either reinfarction or heart failure and use of perindopril or ramipril in the preceding 60 days, relative to lisinopril (Table 3) . Analyses in which the look-back period for ACE inhibitor use was extended to 100 days yielded similar findings.
Discussion
In this population-based study spanning over a decade, we found that among older individuals newly commencing clopidogrel following acute myocardial infarction, use of ramipril or perindopril (prodrug ACE inhibitors activated by CES1) was not associated with an increased risk of reinfarction, heart failure or death relative to lisinopril (an active ACE inhibitor). These findings suggest that the recently described drug interaction between clopidogrel and prodrug ACE inhibitors is of little clinical relevance.
CES1 is involved in the bio-activation of prodrug ACE inhibitors and is competitively inhibited by clopidogrel in vitro [19, 20] . A recent study by Kristensen and colleagues examined the potential clopidogrel-ACE inhibitor drug interaction and observed a modest increase in the risk of adverse cardiac events (acute myocardial infarction, cardiovascular death or stroke) in patients prescribed clopidogrel with an ACE inhibitor relative to those prescribed an ACE inhibitor alone (hazard ratio 1.12, 95% CI 1.06, 1.19) [23] . This finding may reflect baseline differences in the characteristics of patients treated with clopidogrel relative to those who are not. By restricting our analysis to older individuals with ongoing use of clopidogrel and an ACE inhibitor, we examined a relatively homogenous population, and minimized selection bias by limiting the analysis to patients receiving one of three commonly prescribed ACE inhibitors. We assert that if clopidogrel inhibits CES1 in a clinically meaningful Table 2 Risk of death or hospitalization for heart failure or reinfarction during clopidogrel therapy, by ACE inhibitor way, this would impair bioactivation of prodrug ACE inhibitors, attenuating their clinical benefit. If this were the case, patients taking clopidogrel with either rampiril or perindopril (prodrug ACE inhibitors activated by CES1) should be more prone to adverse cardiovascular events than patients taking clopidogrel with lisinopril (an active ACE inhibitor). We found no such differences, suggesting that this recently described interaction is unlikely to be of clinical relevance. Although clopidogrel can clearly inhibit CES1 in vitro, there are several reasons why this observation may not be clinically relevant. First, clopidogrel concentrations used in drug inhibition studies (20-50 μM) are generally much higher than those achieved in vivo after a 75 mg oral dose (2.2-2.5 ng ml ) [19, 20] . Second, clopidogrel is highly protein bound (>98%) and unbound clopidogrel will constitute only a small fraction of total drug concentrations. This is important because unbound drug concentrations are a more important determinant of enzyme inhibition than total drug concentration in plasma [35] . Third, clopidogrel concentrations decline quickly from maximal concentrations (t max = 60 min, t 1/2 = 6 h), and any inhibition of ACE inhibitor metabolism may therefore be temporary.
Some limitations of our study warrant emphasis. Our conclusions derive from patients aged 66 years and older, and the generalizability of our findings to younger patients is unknown. Although we used validated outcome definitions with high sensitivity and specificity [25, 33] , some degree of outcome misclassification is likely. Importantly however, this applies equally to all the ACE inhibitors we studied. We did not examine all available ACE inhibitors, choosing instead to focus on the agents most widely prescribed in Ontario, with the rationale that this would be sufficient to confirm or refute a clinically important drug interaction while minimizing unnecessary comparisons. Although we adjusted for several clinical covariates, we did not have information on non-prescription drug use and other important factors including smoking and other lifestyle factors, and the adequacy of control of hypertension, blood glucose or dyslipidaemia. Again, these limitations apply equally to ramipril, perindopril and lisinopril, although we may not have been able to adjust for any residual differences in these characteristics between exposure groups. Finally, there was some degree of imbalance between cases and controls due to the nature of design. This is expected, because cases are defined by the occurrence of an adverse outcome but controls are not. Regardless, the key comparison in our study is not between cases and controls, but rather between ACE inhibitor type (prodrug vs. active drug).
In conclusion, among older individuals commencing clopidogrel therapy following acute myocardial infarction, use of the prodrug ACE inhibitors ramipril or perindopril was not associated with an elevated risk of recurrent myocardial infarction, heart failure or death relative to use of lisinopril. These results offer a measure of reassurance that the recently described interaction between clopidogrel and prodrug ACE inhibitors is of little relevance to patients taking these medications concomitantly.
